We study the effect of squark generation mixing on gluino production and decays at LHC in the Minimal Supersymmetric Standard Model (MSSM) for the case that the gluino is lighter than all squarks and dominantly decays into three particles, g → qqχ 0 k , qq ′χ± l . We assume mixing between the second and the third squark generations in the up-type and down-type squark sectors. We show that this mixing can lead to very large branching ratios of the quark-flavour violating gluino threebody decays despite the strong constraints on quark-flavour violation (QFV) from the experimental data on B mesons. We also show that the QFV gluino decay branching ratios are very sensitive not only to the generation mixing in the squark sector, but also to the parameters of the neutralino and chargino sectors. We show that the branching ratio of the QFV gluino decayg → ct(ct)χ 0 1 can go up to ∼ 40%. Analogously, that of the QFV decayg → sb(sb)χ 0 1 can reach ∼ 35%. We find that the rates of the resulting QFV signatures, such as pp → ttccE mis T , can be significant at LHC. This could have an important influence on the gluino searches at LHC.
Introduction
The flavour structure of the quark sector is very well described by the Cabibbo-KobayashiMaskawa (CKM) mixing matrix, which is the only source of quark flavour violation (QFV) in the Standard Model (SM). In particular, flavour changing neutral current (FCNC) processes, such as K 0 → µ + µ − , B 0 → µ + µ − , B → X s γ, B → X s l + l − etc., are strongly suppressed [1] . They impose strong constraints on the quark generation mixing. Any extension of the SM must therefore respect these constraints.
In supersymmetric (SUSY) extensions of the SM, mixing between different quark flavours in the squark sector, that is not related to the CKM-matrix is also possible. Although the mixing between the first and second generation squarks is strongly constrained, there is room for appreciable mixing between the second and third generation of squarks, still obeying the constraints from B meson data 1 . This is beyond the minimal flavour violation (MFV), where the only source of QFV is the mixing due to the CKM matrix [3, 4, 5] .
The effects of mixing between the second and third squark generations, especially the mixing between top and charm squarks, have been studied in the Minimal Supersymmetric Standard Model (MSSM) for squark production and decays at LHC [6, 7, 8, 9, 10] . Squark generation mixing has been investigated in detail in the QFV decays of gluinos,g → u 1,2 c (ũ 1,2c ) → ctχ 0 1 (c tχ 0 1 ), whereũ 1,2 are the lightest squark states and are mixtures of charm and top squarks [11] . There it is assumed that at least one squark is lighter than the gluino, so that the gluino decays first into a real squark (antisquark) and an antiquark (quark). In [11] it is shown that this leads to pronounced edge structures in the charm top-quark invariant mass distribution.
In the present paper we study the QFV gluino decays in the general MSSM assuming that all squarks are heavier than the gluino, so that the gluino dominantly decays into three particles. This will give rise to a very different pattern of QFV gluino decays as compared to the studies in Ref. [11] , due to interference effects between the various virtual squark exchange contributions. Moreover, the invariant mass distributions will have different shapes without any edge structure in contrast to the case studied in [11] .
We study the mixing between the second and the third generations not only in the up-type squark sector as in Ref. [11] , but also in the down-type sector. We investigate QFV gluino decays including those into down-type quark pair plus neutralino, such as g → sbχ 0 1 . Furthermore, we also investigate in detail the dependence of the QFV gluino decay branching ratios on the neutralino/chargino parameters. We take into account all relevant experimental constraints on the MSSM parameters from B physics and searches for Higgs bosons and SUSY particles, and the theoretical constraints on the trilinear couplings from the vacuum stability conditions.
Recently ATLAS and CMS performed searches for SUSY at LHC with √ s = 7 TeV on the basis of total integrated luminosities of 35 pb −1 [12, 13] and ∼ 1 fb −1 [14, 15] . They found no excess of events over the SM expectations and set limits on the squark and gluino masses at 95% confidence level (CL). In the simplified SUSY model with mχ0 1 ≈ 0 (where all SUSY particles other than the gluino and squarks of the first two generations, andχ 0 1 are decoupled by being given very heavy masses) the limit on the gluino mass is mg > ∼ 800 GeV for large mq and that on the squark mass is mq > ∼ 850 GeV for large mg [14] (see [15] also). Here, mq is the degenerate mass of the squarks of the first two generations. In the context of the constrained MSSM (CMSSM) (or mSUGRA) the lower limit on the gluino mass is smaller than ∼650 GeV for mq > ∼ 1.5 TeV and the limit on the squark mass is mq > ∼ 1.1 TeV for any mg [15, 16] (see [14] also). Here again mq is defined to be the degenerate mass of the squarks of the first two generations and the masses of the third generation squarks are (significantly) smaller than this mq in this framework of the CMSSM (mSUGRA). Therefore we will assume a gluino mass of about 1 TeV in our analysis respecting these gluino mass limits. 
The physical mass eigenstatesq i , i = 1, ..., 6 are given byq i = Rq iαq0α . In accordance with [18] we define the QFV parameters δ 
Here α, β = 1, 2, 3 (α = β) denote the quark flavours. The QFV parameters in the up-type squark sector relevant for this study are δ 
For the down-type squark sector we define the QFV parameters as follows (α = β):
The QFV parameters in the down-type squark sector relevant for our study are δ 
In our analysis we neglect mixing between the first two squark generations due to the severe experimental constraints from K meson physics. We also neglect mixing between the first and third squark generations focusing on the effects of mixing between the second and third generations. We assume all the QFV parameters to be real. These parameters are also subject to the experimental constraints given in Table 1 .
Furthermore we impose the vacuum stability conditions for the trilinear coupling matrices [28] 
, with m uα and m dα being the running quark masses at the weak scale and g being the SU(2) gauge coupling. All soft-SUSY-breaking parameters are also assumed to be given at the weak scale. As SM parameters we take m W = 80.4 GeV, m Z = 91.2 GeV and the on-shell top-quark mass m t = 173.3 GeV [29] . We have found that our results shown in the following are fairly insensitive to the precise value of m t .
In addition to the constraints in Table 1 we impose the following limits:
1. The limit on (m A 0 , tan β) from the negative search for neutral MSSM Higgs bosons decaying into a tau pair (i.e. [30] with m A 0 being the mass of the CP-odd neutral Higgs boson A 0 .
2. The experimental limit on SUSY contributions on the electroweak ρ parameter [31] : ∆ρ (SUSY) < 0.0012.
3. The LEP limits on the SUSY particle masses [32] : mχ± We take into account all the constraints listed in this section in all plots presented in this article. The constraints on the QFV parameters from B(b → sγ), ∆M Bs and the vacuum stability conditions are especially important for this study. For the computation of the observables (i.e. physical masses, decay branching ratios, ∆M Bs and ∆ρ(SUSY)) we use the public code SPheno v3.0 [33, 34] . Table 2 : Weak scale parameters at Q = 1 TeV for our prototype QFV scenario, except for m A 0 which is the pole mass (i.e. physical mass ) of A 0 . All of T U αα and T Dαα are 0.
GeV 264 GeV 800 GeV 1000 GeV 10 800 GeV
of gluino into quarks and neutralinosχ We will mainly focus on the decays intoχ Table 2. are mainlyc andt mixtures and their masses are similar. For instance, ifũ l ∼ cos θt R + sin θc R andũ k ∼ − sin θt R + cos θc R then theũ l exchange contribution is ∼
. These two contributions almost cancel with each other for mũ l ≈ mũ k . The suppression of this cancellation requires a large mass-splitting between the two squarks which can be induced by a largec
. Moreover, in this case one has a very strongc R −t R mixing. Therefore one can expect sizable QFV decay branching ratios for a large mass-splitting and hence for large values of δ uRR 23 . For the decays into down-type quarks one has analogous Feynman diagrams with the replacements c → s, t → b,ũ j →d j .
There are also gluino three-body decays into charginos, such asg → cb˜− 1 , stχ + 1 , etc.. We will, however, not discuss them explicitly here, although they are included in our branching ratio calculations.
We calculate the three-particle decay branching ratios of the gluino according to the diagrams in Fig. 1 and their charge conjugated ones, including the QFV couplings given in [6] . As basic SUSY parameters at the weak scale we take
Dαβ , T U αβ and T Dαβ , which we assume to be real. Here M 1,2,3 are the U(1), SU(2) and SU(3) gaugino mass parameters, respectively, and m A 0 is the pole mass (i.e. physical mass) of the Higgs boson A 0 . We study in detail the QFV scenario based on the parameters of Table 2 , given at the scale Q = 1 TeV, according to the SPA convention [35] except for m A 0 being the pole mass of A 0 . The scenario of Table 2 satisfies all the constraints listed in Section 2; e.g. for the low energy observables we obtain (given also at Q = 1 TeV), and vary them in a range allowed by the constraints listed in Section 2. The physical masses for the case with all the QFV parameters being zero are shown in Table 3 . They are calculated from the basic MSSM parameters at the one-loop level, taking into account the complete flavour structure [33] . We have found that these masses are fairly insensitive to the QFV parameters.
Note that in our case QFV left-right mixing effects, i.e. those due to δ 
≈ 0.1. Analogously, the parameters
are also constrained to be very small due to the vacuum stability conditions. Therefore, the most relevant QFV parameters in our study are δ ) and the ∆M Bs constraints are fulfilled. In Ref. [36] it is shown that also the ρ-parameter data may constrain the flavour off-diagonal elements of the squark mass matrices, in particular the δ LL αβ entries. However, in our case the ρ-parameter practically does not give constraints for two reasons. First, we have negligible left-right squark mixing implying that the left-squark sector is almost decoupled from the right-squark sector. Second, the mass matrices of the left up-type squarks and the left down-type squarks are related by the SU(2) L symmetry leading to approximately the same masses and mixing matrices for the up-type and down-type squarks.
In Fig. 4 the branching ratios B(g → ctχ ∼ 0.8, the two-body decays intoũ 1 dominate becauseũ 1 becomes lighter than the gluino (see Fig. 2a ). The reason for this large QFV decay branching ratio is as follows: For 0.6 < ∼ |δ uRR 23 | < ∼ 0.8, all squarks other thanũ 1 (including down-type squarks) are very heavy (see Fig. 2(a) ), which leads to the dominance of theũ 1 exchange contribution in the gluino decays. In this δ uRR 23 range theũ 1 ,ũ 2 are strong mixtures ofc R andt R and the mass-splitting betweenũ 1 andũ 2 is very large, preventing a strong destructive interference between theũ 1 andũ 2 exchange contributions in this δ uRR 23 range (see Fig. 2 ). This gives the large QFV decay branching ratio B(g → ctχ 0 1 ). Note thatũ 1 (∼c R +t R ) couples tõ χ 0 1 (≈B 0 ) and practically does not couple toχ Table 2 ). Moreover,χ 0 3,4 andχ ± 2 are very heavy in the QFV scenario considered here (see Table 3 .). B 0 andW 0,± are the U(1) and SU(2) gauginos (the bino and winos), respectively. On the other hand, as can be seen in Fig. 3 , the dependence of B(g → ctχ for the other QFV parameters being zero and the other parameters are fixed as in Table 2 . = 0.8, the other QFV parameters being zero, and the other parameters specified as in Table 2 with M 1 = 139 GeV. Region (A): bino-like LSP region; region (B): wino-like LSP region; region (C): higgsino-like LSP region. The point "X" corresponds to our reference scenario given in Table 2 : M 2 = 264 GeV, µ = 1000 GeV. We also would like to note that we have found a scenario giving QFV three-body decay branching ratios B(g → ctχ 0 1 ) (or B(g → sbχ 0 1 )) of about 50% for a gluino mass of ∼ 1 TeV, still satisfying all the relevant constraints. In such a scenario, however, the heavier squarks have masses of about 6 TeV, while the lightest squark heavier than the gluino has a mass of about 1 TeV.
Influence of the neutralino/chargino parameters on the QFV three-body gluino decays
As the squark generation mixing enters into the squark-quark-neutralino/chargino couplings, here we study how the pattern of the QFV gluino decays depends on the parameters of the neutralino-chargino sector. First we show in Fig. 6 a contour plot of the branching ratio B(g → ctχ = 0.8, the other QFV parameters being zero, and the other parameters fixed as in Table 2 . In the whole plane mg ≈ 972 GeV. As one can see, this branching ratio is larger than 10% for µ > ∼ 350 GeV. We indicate the regions where the LSP is bino-, wino-, or higgsino-like. The largest QFV decay branching ratio B(g → ctχ 0 1 ) is in the bino-like LSP region reaching up to ∼ 40%. In the following we discuss the dependence of the QFV decay branching ratios of the gluino on the higgsino mass parameter µ in more detail. In Fig. 7 we show this dependence for δ uRR 23 = 0.8, the other QFV parameters being zero, and the other parameters fixed as in Table 2 . In the whole range mg ≈ 972 GeV and the constraints mentioned in Section 2 are satisfied. The branching ratios of the QFV gluino decaysg → ctχ is missing transverse energy. Therefore, we show in Fig. 7b a plot where these contributions are included (dashed red line). One can clearly see that for µ < ∼ 320 GeV the contributions of the invisible decays of the higher neutralinos (see Fig. 7a ) are important. For comparison in Fig. 7b the QFC branching ratios B(g → ccχ The situation is quite different if M 1 > M 2 . In this case, for µ > ∼ M 2 theχ 0 1 is essentially a wino which does not couple toc R andt R leading to a small branching ratio ofg → ct(ct)χ 0 1 . On the other hand, a large branching ratio ofg → ct(ct)χ 0 2 can be expected, because for |µ| > ∼ M 1 ,χ 0 2 becomes bino-like. Next we discuss the dependence of the QFV gluino decay branching ratios on the SU(2) gaugino mass parameter M 2 . In Fig. 8 we show this dependence fixing M 1 = 264 GeV, µ = 600 GeV, δ uRR 23 = 0.8, the other QFV parameters being zero, and the other parameters fixed as in Table 2 . In the shown range mg ≈ 972 GeV and all the constraints mentioned in Section 2 are satisfied. As just explained above, in Fig. 8a , for M 2 < ∼ M 1 the branching ratio of the decayg → ct(ct)χ 0 1 is almost zero, while that for g → ct(ct)χ ∼ µ and becomes wino-like for M 2 > ∼ µ. In Fig. 8b the branching ratios for the decaysg → cb(cb)χ ± k as a function of M 2 are shown. The level crossing ofχ
In the following we discuss in more detail a typical scenario with a higgsino-like LSP (µ < M 1 , M 2 ) and one with a wino-like LSP (M 2 < M 1 , µ). As an example for the higgsino-like LSP scenario, we choose the parameters as given in Table 4 (a), with the squark mass parameters as in Table 2 . We fix the QFV parameter δ uRR 23 = 0.8 and the other QFV parameters equal zero. In this scenario all experimental and theoretical constraints mentioned in Section 2 are fulfilled. The relevant masses for the neutralinos and the charginos are given in Table 4 (b). We show the most important QFV decay branching ratios in Table 4 (c). In this scenarioχ with a branching ratio of 5.0%. This has to be compared with the expectation from MFV which is of the order of 10 −4 , as it is proportional to |V cb | 2 . Next we discuss a scenario where the LSP is wino-like, with the parameters as given in Table 5 (a), the squark mass parameters as in Table 2 has a probability of about 3%. Summarizing the discussion of this section we can say that the branching ratios of the QFV three-particle gluino decays depend not only on the generation mixing in the squark sector, but also quite strongly on the parameters of the neutralino/chargino sector. Table 4 : Weak scale parameters at Q = 1 TeV (except for m A 0 being the pole mass), the corresponding neutralino and chargino masses and some important branching ratios for a scenario with a higgsino-like LSP, where mg = 972 GeV. 
Measurability of the QFV gluino three-body decays
We calculate the relevant gluino production cross sections at leading order using the WHIZARD/O'MEGA packages [37, 38] where we have implemented the model described in Section 2 with squark generation mixing in its most general form. We use the CTEQ6L global parton density fit [39] for the parton distribution functions and take Q = mp 1 +mp 2 for the factorization scale, wherep 1 andp 2 are the sparticle pair produced. The QCD coupling α s (Q) is also evaluated (at the two-loop level) at this scale Q. Due to the heavy squarks in our reference scenario of Table 2 , the dominant gluino production process at LHC is pp →ggX, where X contains beam-jets only. For the scenario of Table 2 = 0 and 0.8, respectively.) The sum of the cross sections of the other gluino production processes, such as pp →gq 1 X,gq 2 X,gχ 0 1 X,gχ 0 2 X, is two orders of magnitude smaller than that of pp →ggX.
In Fig. 9 we show the signal rates due to pp →ggX, with X containing beam-jets only, at √ s = 14 TeV, where at least one of the pair-produced gluinos decays asg → ct(ct)χ = 0.8, the other QFV parameters being zero, and the other parameters fixed as in Table 2 .
t + t (ort +t) + 2 jets + E mis T + X and t + t +t (ort +t + t) + 1 jet + E mis T + X , where X contains beam-jets only. Note, that the signal events t + t (ort +t) + 2jets + E mis T + X can practically not be produced in the MSSM (nor in the SM) with QFC.
The rate of a possible SUSY background from pair production of squarks, such as pp →qqX withq → cχ 0 1 ,q →tχ 0 1 is much smaller than that of the signal of gluino pair production due to the larger squark masses. As shown in the SUSY searches by ATLAS and CMS [12, 13] , the SM backgrounds, such as QCD multijets, W ± + jets, Z 0 + jets, tt and single top production, can be strongly reduced by appropriate selection cuts.
Conclusions
We have studied QFV decays of gluino within the MSSM in the case that all squarks are heavier than the gluino and, hence, the gluino has only three-particle decays. Starting from the most general squark mass matrix, we have assumed mixing between the second and the third squark generations in the up and down sectors. We have taken into account all relevant experimental constraints from SUSY particles and Higgs searches as well as from precision data in the B meson sector. Furthermore we have respected the vacuum stability conditions for the trilinear coupling matrices. It has turned out that of all QFV parameters the parameters δ We have studied these within a prototype scenario with gluino mass mg ≈ 1 TeV and squarks with masses between ∼ 1 TeV and ∼ 3 TeV, where the lightest squarks arec R −t R mixtures (ors R −b R mixtures). These QFV decay branching ratios can reach up to 40% (35%). We have paid special attention to the dependence of the QFV decay branching ratios on the chargino/neutralino parameters. In this context we have considered three cases where the lightest neutralino is bino-, wino-and higgsino-like, respectively. We have found that the QFV decay branching ratios depend strongly also on the chargino/neutralino parameters.
As in our scenario the squarks are heavier than the gluino, the dominant gluino production process at LHC is gluino pair production, pp →ggX. We have calculated the rates for the various signatures stemming from QFV gluino decays as well as the invariant mass distributions of the two-quark system ct +ct, cc, tt in the final states. We have found that the rates of the resulting QFV signatures, like pp → tcccE mis T X and pp → ttccE mis T X, are significant at LHC. This could have an important influence on the search for gluinos and the determination of the basic MSSM parameters at LHC.
